ABSTRACT Cell cycle-dependent morphogenesis of unicellular organisms depends on the spatiotemporal control of cell polarity. Rho GTPases are the major players that guide cells through structural reorganizations such as cytokinesis (Rho1 dependent) and polarity establishment (Cdc42 dependent). In budding yeast, the protein Gps1 plays a pivotal role in both processes. Gps1 resides at the bud neck to maintain Rho1 localization and restrict Cdc42 activity during cytokinesis. Here we analyze how Gps1 is recruited to the bud neck during the cell cycle. We show that different regions of Gps1 and the septin-associated kinase Gin4 are involved in maintaining Gps1 at the bud neck from late G1 phase until midanaphase. From midanaphase, the targeting function of Gin4 is taken over by the bud neck-associated protein Nba1. Our data show that Gps1 is targeted to the cell division site in a biphasic manner, via Gin4 and Nba1, to control the spatiotemporal activation of Rho1 and inhibition of Cdc42.
INTRODUCTION
Cytokinesis is the process that physically divides one cell into two at the end of mitosis. In animal and yeast cells, a contractile actomyosin ring drives plasma membrane ingression to execute cytokinesis (Balasubramanian et al., 2004; Barr and Gruneberg, 2007; Green et al., 2012; Wloka and Bi, 2012; Meitinger and Palani, 2016) . In budding yeast cells, cytokinesis is also driven by the formation of a septum composed of cell wall material.
During yeast cytokinesis, the establishment of polarity at the cell division site (also called the bud neck) drives a complex reorganization of the actin cytoskeleton that is required for the targeted secretion of cell material (Howell and Lew, 2012) . Rho GTPases are the master regulators of cell polarity (Park and Bi, 2007) . Rho1 plays a critical role in cytokinesis by promoting formin-dependent actin cable formation (Kohno et al., 1996) , recruitment of the landmark protein Sec3 to the bud neck for targeted secretion (Guo et al., 2001) , and activation of the glucan synthase Fks1, which is important for cell wall deposition between the dividing cells .
Cdc42 is another Rho GTPase important for the establishment of cell polarity (Johnson and Pringle, 1990) . Like Rho1, Cdc42 accumulates at the bud neck during cytokinesis. After cell division, Cdc42 establishes a new polarity site, where the new daughter cell (also named the bud) emerges (Park and Bi, 2007) . The positioning of this site depends on signals emanating from the previous bud neck. In haploid cells, the new polarity site is placed adjacent to the bud neck (Casamayor and Snyder, 2002) . Like Rho1, Cdc42 accumulates at the bud neck during cytokinesis. So far, no function for Cdc42 at the bud neck has been described. In fact, recent work suggested that Cdc42 has to be locally inactivated by GTPase-activating proteins (GAPs) to allow proper execution of cytokinesis (Tong et al., 2007; Atkins et al., 2013; Onishi et al., 2013) .
The bud neck-associated protein Gps1 was shown to be an upstream regulator of Rho1 and Cdc42 (Meitinger et al., 2013 (Meitinger et al., , 2014 . Gps1 directly interacts with Rho1 at the bud neck, where it maintains active Rho1 after the contraction of the actomyosin ring. This is important in order to maintain Rho1 effectors (Fks1, Sec3, and Bni1) at the bud neck for completion of septum formation. Consequently the deletion of Gps1 leads to cell wall (secondary septum) thinning and cell lyses during cell separation (Meitinger et al., 2013) . In addition, Gps1 prevents reactivation of Cdc42 at the bud neck during and after completion of cytokinesis. This function of Gps1 is mediated by the protein Nba1, which prevents the formation of a new Rax2)-associated Nba1 target Gps1 to the bud neck in different cell cycle phases. In addition, we identify three distinct regions of Gps1 required for its temporal localization. Our data suggest that Gps1 is recruited to the cell division site in a biphasic manner to provide proper Rho1 and Cdc42 regulation.
RESULTS AND DISCUSSION
Gps1 is targeted to the bud neck and cell cortex by different motifs Gps1 localizes at the bud neck as a ring-like structure from G1 until the onset of cytokinesis ( Figure 1 , A and B; Meitinger et al., 2013; Wolken et al., 2014) . During actomyosin ring contraction, Gps1 spreads over the closing bud neck and forms a disk-like structure at the daughter and mother side of the bud neck ( Figure 1 , A and B; Meitinger et al., 2013) . Actomyosin ring contraction occurs after septin splitting, which is characterized by the reorganization of the septin structure from an hourglass shape into two distinct septin rings ( Figure 1B ). The process of septin splitting initiates during mitotic exit, which promotes mitotic cyclin-dependent kinase (Cdk) down-regulation (Lippincott et al., 2001) . After septin splitting, the Gps1 disk becomes enclosed by the septin ring ( Figure 1B ; Meitinger et al., 2013) .
To investigate how Gps1 associates with the bud neck before and after septin splitting, we analyzed the subcellular localization of a series of Gps1 truncation mutants (Supplemental Figure S1 ). We found that two fragments of Gps1, which comprise amino acids 201-290 and 443-530 (Supplemental Figure S1 ), respectively, localized to the bud neck in gps1∆ cells ( Figure 1C) . A Gps1 fragment with a predicted amphipathic helix (amino acids 293-317) strongly localized at the plasma membrane ( Figure 1C ), whereas amino acids 309-422 but not full-length Gps1 showed a strong nuclear localization ( Figure 1C) . Thus Gps1 carries a number of targeting signals that direct the protein to the bud neck and plasma membrane.
By comparing the amino acid composition of the Gps1 truncations 201-290 and 443-530, we found that both sequences carried a common feature defined by RXX-LXRSK (where X is any amino acid). We named this motif bud neck 1 (bn1; amino acids 264-271) and 2 (bn2; amino acids 465-472). Deletion of any of these eight amino acids impaired bud neck localization of the Gps1 aa201-290 and Gps1 aa443-530 fragments ( Figure 1D ). This implies that Gps1 is targeted to the bud neck by the bn1 and bn2 motifs.
To investigate the importance of bn1 and bn2 motifs for Gps1 localization, we quantified cells with Gps1 at the bud neck before and after septin splitting ( Figure 1E ). We found that bn2 was important to target Gps1 to the bud neck mainly before septin splitting bud at the site where cytokinesis took place (Meitinger et al., 2014) . In the absence of Gps1, cells recurrently rebud at the same site of cell division. This causes the narrowing of the bud neck and reduces replicative lifespan, most likely due to aberrant nuclear segregation (Meitinger et al., 2014) . Gps1 is recruited to the bud neck by unknown mechanisms. Here we investigated the molecular players involved in this Gps1 recruitment. We show that the bud neck-associated kinase Gin4 and the integral membrane protein (Rax1 and -GFP was analyzed before and after deletion of bn1 (codons 264-271) and bn2 (codons465-472), respectively. Scale bar, 5 µm. (E, F) The localization of Gps1 wild type and indicated Gps1 deletion mutants is quantified in F before and after septin splitting as indicated in E. Scale bar; 5 µm; 100 cells/strain. Error bars are SD of three independent experiments. (G) The immunoblot shows the protein levels Gps1-GFP wild type and indicated deletion mutants fused to GFP. The Ponceau S-stained membrane serves as a loading control.
sible for targeting Gps1 to the bud neck before and after septin splitting. A genome-wide pattern search identified five proteins (www.yeastgenome.org/cgi-bin/ PATMATCH/nph-patmatch; Gps1, Zds2, Mso1, Bpt1, and Nth1) containing the RXXLXRSK sequence. Three of these five proteins (Gps1, Zds2, and Mso1) were reported to localize at the bud neck (Rossio and Yoshida, 2011; Tkach et al., 2012) . Thus the RXXLXRSK motif, or even a less stringent sequence, might be a more general bud neck-recruiting motif.
Targeting of Gps1 to the bud neck is essential for function
Gps1 is the factor that maintains Rho1 activity at the bud neck, which is necessary for secondary septum formation ( Figure 2A ; Meitinger et al., 2013 Meitinger et al., , 2014 . It also prevents Cdc42 activation at the bud neck and so ensures that cells always select a new bud site for each division (Meitinger et al., 2013 (Meitinger et al., , 2014 . gps1∆ cells fail to suppress Cdc42 activation at the bud neck, resulting in the appearance of an additional collar around the bud neck that can be visualized by transmission electron microscopy (TEM; Meitinger et al., 2013 Meitinger et al., , 2014 . We therefore expected the bud-neck pool of Gps1 to control Rho1 or Cdc42 function. In line with this notion, we found that the mislocalization of Gps1 mutant protein lacking bn1, bn2, and the predicted amphipathic helix (Gps1-∆bn1-∆bn2-∆H) caused defects in the Rho1 (Figure 2 , A and B) and Cdc42 pathways ( Figure 2 , C and D). Furthermore, like gps1∆, this mutant showed a synthetic growth defect with the cell wall mutant fks1∆ and the cell wall integrity pathway mutant slt2∆ ( Figure 2E ; Meitinger et al., 2013) . These results indicate that Gps1-∆bn1-∆bn2-∆H has lost its function as a regulator of Rho1 and Cdc42.
Gps1-∆bn1-∆bn2-∆H may be nonfunctional because the deletions affect the folding of the protein. Alternatively, the mislocalization of Gps1-∆bn1-∆bn2-∆H may be the cause of the phenotype. In the latter case, artificial targeting of Gps1-∆bn1-∆bn2-∆H to the bud neck should be able to rescue Cdc42 and Rho1 regulation. To test this notion, we used a previously established strategy to constitutively target Gps1-∆bn1-∆bn2-∆H-GFP to the bud neck using a strain carrying the septin Shs1 fused to the green fluorescent protein (GFP)-binding protein (GBP; Meitinger et al., 2013) . The binding between GFP and GBP allowed us to recruit Gps1-∆bn1-∆bn2-∆H-GFP to the bud neck independently of the bn1, bn2, and H motifs. We observed that the combination of Gps1-GFP and Shs1-GBP interfered only mildly with Rho1 and Cdc42 regulation at the bud neck (Figure 2 , F and G). Of interest, the observed defects of bn1, bn2, and H deletion were rescued by ( Figure 1F) . After septin splitting, deletion of bn2 decreased, but not completely abolished, Gps1 bud neck localization ( Figure 1F ). The deletion of bn1 or the predicted amphipathic helix (∆H) had no effect on Gps1 localization. However, both deletions increased the observed defect of the deletion of bn2 on Gps1 localization after septin splitting ( Figure 1F ). The expression of the analyzed Gps1 mutants was comparable to that for wild-type cells ( Figure 1G ), indicating that the loss of localization was not related to decrease in protein stability. Our data suggest that multiple motifs are respon- We next ask whether the septin scaffold could indirectly recruit Gps1 via its role in secretion (Barral et al., 2000) . To address this question, we used the temperature-sensitive mutant sec2-41. Sec2 is an activator of the small GTPase Sec4, which is involved in targeted vesicular transport to the bud neck (Walch-Solimena et al., 1997) . We found that the localization of Gps1-FL or Gps1-CT3 to the bud neck or Gps1-CT2 to the plasma membrane was Sec2 independent (Figure 3, D and E) . This finding indicates that secretion is not required for Gps1 bud neck targeting. We thus postulate that septins may have a more direct role in Gps1 localization.
Several protein complexes are anchored to the bud neck via binding to the septin scaffold (Oh and Bi, 2010) . Because Gps1 and septins did not interact in the yeast two-hybrid system (unpublished data), we considered the possibility that Gps1 binds indirectly to the septin scaffold via a septin-interacting protein. To identify such binding mediators, we determined Gps1 localization in strains carrying gene deletions of septin-associated components. Deletion of most genes, including MYO1 and BNI5, coding for proteins with scaffolding functions at the bud neck (Fang et al., 2010; Wloka et al., 2013) , did not affect Gps1 bud neck localization (Supplemental Figure S2) . In striking contrast, the septin-associated kinase GIN4 (Carroll et al., 1998; Mortensen et al., 2002) was essential for the recruitment of Gps1-FL, as well as of the Gps1-CT1 or Gps1-CT3 fragments, to the bud neck before septin splitting (Supplemental Figure S2 and Figure  4 , A-C). Consistently, the kinase Elm1, which is an upstream activator of Gin4 (Asano et al., 2006) , also influenced Gps1 bud neck recruitment (Supplemental Figure S2 ). This indicates that the Elm1-Gin4 pathway targets Gps1 to the bud neck at early stages of mitosis. However, after septin splitting, the bud neck-associated protein Nba1 became important to maintain Gps1 at this location (Figure 4 , A-C). Because the proportion of cells with split septin rings are rare in a growing cell population, the role of Nba1 in Gps1 localization has been previously overlooked (Meitinger et al., 2014) . The role of Nba1 in Gps1 localization became even more apparent in the gin4∆ nba1∆ double mutant cells, where Gps1 completely failed to bind to the bud neck (Figure 4, A-C) .
Although the majority of nba1∆ cells showed Gps1-2GFP at the bud neck before septin splitting, the level of bud neck-enriched Gps1-2GFP was significantly lower in nba1∆ than in wild-type cells (Figure 4, A and D) . In gin4∆ cells, the levels of Gps1 at the bud neck were strongly reduced before septin splitting (no Gps1 enrichment visible) and less strongly reduced after septin splitting (Gps1 enrichment visible; Figure 4 , A and D). These data indicate that both Gin4 and Nba1 are required for maximal levels of Gps1 bud neck recruitment irrespective of cell cycle stage.
Mislocalization of Gps1 in gin4∆ nba1∆ cells was similar to the localization of the Gps1-∆bn1-∆bn2-∆H protein in GIN4 nba1∆ cells (Figure 4 , B, E, and F). In addition, we observed an interaction between Gps1 and Gin4 in the yeast two-hybrid system. This interaction was lost in mutants lacking the bn1 and bn2 regions ( Figure  5A ). The known interactions of Gps1 with Rho1, Cdc42, Nba1, Nap1, and Nis1 (Meitinger et al., 2013 (Meitinger et al., , 2014 were not affected upon deletion of bn1 and bn2 ( Figure 5A ). Thus it is likely that Gin4 specifically recruits Gps1 via bn1 and bn2 to the bud neck.
The Gin4 kinase domain is important to recruit Gps1 to the bud neck Gin4 consists of an N-terminal kinase domain and a C-terminal tail (Iwase and Toh-e, 2004; Buttery et al., 2012) . Because Gin4 has been shown to have kinase-dependent and -independent functions at the bud neck (Longtine et al., 1998; Buttery et al., 2012) , we asked whether the catalytic domain of Gin4 is required for Gps1 targeting Gps1-∆bn1-∆bn2-∆H-GFP to the bud neck (Figure 2 , F and G). This result clearly demonstrates that regions bn1, bn2, and H are essential for Gps1 targeting to the bud neck but not for Gps1 activity toward Rho1 and Cdc42. This data also show that Gps1 has to localize at the bud neck to spatially control the Rho1 and Cdc42 pathways.
The septin-associated kinase Gin4 recruits Gps1 to the bud neck
We next sought to identify upstream regulators of Gps1 bud neck recruitment. It was reported that septins recruit Gps1 to the bud neck (Wolken et al., 2014) . Thus we first investigated whether the bud neck targeting of Gps1 required a functional septin ring. We analyzed the localization of Gps1 full-length (Gps1-FL, codons 1-758) and truncated forms Gps1-CT1 (codons 201-290), Gps1-CT2 (codons 443-530), and Gps1-CT3 (codons 293-318; Figure 3A ) in the temperature-sensitive septin (cdc12-6) mutant cells. Cdc12 was essential for the binding of Gps1-FL or Gps1-CT2 to the bud neck but not for the plasma membrane binding of Gps1-CT3 ( Figure  3 , B and C). The signal of Gps1-CT1 at the bud neck was not detectable at 37°C and therefore was not analyzed. Our data indicate that Gps1 is recruited to the septin scaffold via amino acids 443-530. In contrast, plasma membrane binding of Gps1 (Gps1-CT3) was septin independent. in wild-type and cdc12-6 (C) or sec2-41 E) cells grown at 37°C for 3 h. Buttery et al., 2012) . In line with our interaction studies, we found that the localization of Gps1 at the bud neck was lost in gin4-∆kd and gin4-K48A mutants ( Figure 5B ). In conclusion, our data show that Gin4 recruits Gps1 to the bud neck in a manner that depends on its kinase activity and the Gps1 bud neck-targeting motifs bn1 and bn2. Gin4 may phosphorylate either Gps1 directly or a bud neck-associated factor that tethers Gps1 to the septin complex. This targeting mechanism is important to control Rho1 and Cdc42 activity at the bud neck.
In conclusion, we established two mechanisms that control the targeting of Gps1 to the bud neck. At initial phases of the cell cycle, mainly the kinase Gin4 promotes the association of Gps1 with the septin ring ( Figure 5C ). In late anaphase, after septin splitting and actomyosin ring contraction, the ring-like Gps1 signal spreads over the closing bud neck, thereby losing its association with septins. During this phase, Nba1 and the predicted amphipathic helix region of Gps1 become essential to stabilize Gps1 at the plasma membrane as a disk-like structure. We propose that similar to Myo1 (Fang et al., 2010) , Gps1 is targeted to the bud neck in a biphasic manner. This might be a general principle to target proteins to the bud neck before and after mitotic exit.
MATERIALS AND METHODS

Yeast strains and plasmid construction
Yeast strains and plasmids used in this study are listed in Supplemental Tables S1 and S2, respectively. Genes were expressed from their endogenous promoter and locus unless specified otherwise. Gene deletions and epitope tagging were performed using PCR-based methods (Knop et al., 1999; Janke et al., 2004) . Gps1 wild type or mutants fused to 2GFP-kanMX6 were integrated into the genome. For this, the corresponding plasmids (pMF650, 755, 793, 794, 795, 796, 798, and 799) were first digested with NheI and NotI. The fragments were purified and transformed into MFY1588. After selection on G418-containing plates, positive clones were selected by microscope and confirmed by immunoblotting. Afterward, the wild type containing URA3-based plasmid was removed by negative selection on 5FOA plates. For localization studies shown in Figure 2 , A and B, and Supplemental Figure S1 , GPS1 fragments were under the control of the Gal1 promoter and expressed from a CEN plasmid in a gps1∆ strain. GIN4-2HA, gin4-∆kinase-2HA (Iwase and Toh-e, 2004) , and gin4-K48A-2HA were expressed from a CEN plasmid in a gin4∆ strain. For yeast two-hybrid assay, the genes and gene fragments were cloned into pMM5 or pMM6 (Schramm et al., 2001) . localization. To test this notion, we first analyzed the interaction of Gps1 with truncations of Gin4. We found that the interaction between Gin4 and Gps1 was specific to the kinase domain ( Figure 5A ). Next, we analyzed the localization of Gps1 in a Gin4 kinase-dead mutant (Gin4-K48A) and in a Gin4 mutant lacking the kinase domain (Gin4-∆kd; Altman and Kellogg, 1997; Iwase and Toh-e, 2004; FIGURE 4: Gps1 is targeted to the bud neck by Gin4 and Nba1. (A) Examples of wild-type, nba1∆, gin4∆, and nba1∆ gin4∆ cells expressing GPS1-2GFP SHS1-Cherry before (b) or after (a) septin splitting. Scale bar, 5 µm. (B) Quantification of Gps1-GFP at the bud neck before and after septin splitting in wild-type, gin4∆, nba1∆, and gin4∆ nba1∆ cells (n > 100 for each condition; error bars are SD from three independent experiments). (C) Immunoblot shows the protein levels of GPS1-GFP in wild-type, gin4∆, nba1∆, and gin4∆ nba1∆ cells. The Ponceau S-stained membrane serves as a loading control. (D) Quantification of Gps1-2GFP bud neck enrichment (ratio bud neck/cytoplasm) before (b) or after (a) septin splitting. Graph shows mean values; error bars are SD; red, p < 0.001; yellow, p < 0.01; blue, p = 0.07. (E) Quantification of cells with Gps1-GFP and Gps1-∆bn1-∆bn2-∆H-GFP at the bud neck before and after septin splitting in wild-type and nba1∆ cells (n > 100 for each condition; error bars are SD from three independent experiments). (F) Immunoblot shows the proteins levels of GPS1-GFP and gps1-∆bn1-∆bn2-∆H-GFP in wild-type and nba1∆ cells. The Ponceau S-stained membrane serves as a loading control. CCGCCCTTACATCTAATAGCACTGCTACTTGATTTACTGC (to delete residues 264-217), and GCAACAGCAGCATGTACTCGCCATC-GACGGCCCTAAATGC and GCATTTAGGGCCGTCGATGGCGAG-TACATGCTGCTGTTGC (to delete residues 465-472).
GPS1 full length and truncations were cloned by PCR into pRS315-pGal1-GFP (gift from Michael Knop, University of Heidelberg, Heidelberg, Germany) to create plasmids pMF726, pMF730, pMF736, and pMF739. Plasmid pMF726 was cloned with primers GC-GGGATCCATATGAACTCCTTCATTTCTGTACCG and TCCGGT CG-ACAGGCGATATCGCCATTAAGG (BamHI/SalI), and three stop codons were subsequently introduced after residue 530 with primers TGCTCATCTGATTATTAATGATAATCATCTGAAAGCTAC and GTAGCTTTCAGATGATTATCATTAATAATCAGATGAGCA. Plasmid pMF730 was cloned with primers AAAGGATCCCAGGAATGATCAT-CAGAGCTCC and TCCGCCCGGGGAATAAATGGACGAGCTAGC (BamHI/XmaI). Plasmid pMF736 was cloned with primers GCGG-GATCCATATGCAAGAAGCCAAACCGATGAC and TCCGCCCGGG-AGGCGATATCGCCATTAAGG (BamHI/XmaI), and three stop codons were subsequently introduced after residue 290 with primers TTGGGAATCAAGATATGATAATAATTACGGAAATTACGG and CCGT AATTTCCGTAATTATTATCATATCTTGATTCCCAA. Plasmid pMF739 was cloned with primers GCGGGATCCATATGAAGTTACG-GAAATTACGGCTAG and TCCGGTCGACTTAATTCGTGGCGGAG-GGGAC (BamHI/SalI). Primers CAAGAGGCGGCAGTTGCGGTAATA-TCAAAAGCAG and CTGCTTTTGATATTACCGCAACTGCCGCCT-CTTG were used to introduce the mutation K48A in GIN4 (pMF1328).
Yeast growth conditions
Yeast strains were grown in yeast/peptone/dextrose medium containing 0.1 mg/l adenine (YPAD) as described (Sherman, 1991) . The temperature-sensitive yeast strains cdc12-6 (kind gift of Daniel Lew, Duke University, Durham, NC) and sec2-41 (kind gift of Anne Spang, Biocenter, University of Basel, Basel, Switzerland) were grown at 23°C until they reached OD 600 = 0.5 and then shifted to 37°C for 3 h before inspection. Strains carrying plasmids were grown in synthetic complete (SC) medium lacking the corresponding amino acids.
Genetic interactions based on growth
Synthetic growth defects were analyzed using the plasmid shuffle strategy. Therefore mutant strains containing an URA3-based plasmid (pRS316) with the corresponding wild-type gene were subjected to a growth test on 5-fluoroorotic acid (5-FOA) plates (selection against URA3). For each mutant, six or more individual transformants were analyzed. Tenfold serial dilutions of wild type (ESM356-1) and one representative mutant with the indicated genotype were spotted onto SC and 5-FOA plates. Mutants were complemented by pRS316-GPS1 (Figures 3E). Plates were incubated for 2 d at 30°C.
Protein detection methods and quantifications
Western blotting of yeast extracts was performed as described (Janke et al., 2004) . Primary antibodies were rabbit anti-GFP, mouse anti-hemagglutinin (clone 12CA5; Sigma-Aldrich), and mouse antiMyc (clone 9E10; Sigma-Aldrich). Secondary antibodies were goat anti-mouse and goat anti-rabbit immunoglobulins G coupled to horseradish peroxidase (Jackson ImmunoResearch Laboratories).
Yeast two-hybrid assay
Plasmids pMM5 (fusion to LexA) and pMM6 (fusion to Gal4) containing the indicated genes and gene fragments were transformed into the yeast strains YPH500 (MATalpha) and SGY37 (MATa), respectively. The plasmids containing YPH500 and SGY37 strains were matted, and the yeast two-hybrid assay was performed as To generate the plasmid pMF650, GPS1 together with promoter and terminator region was amplified from genomic DNA (strain ESM356) using primers GCGGGATCCCTTCTACTTCTGTCTGTTGC and TCCGGGTACCGAATAAATGGACGAGCTAGC. The PCR product was digested with BamHI/KpnI and cloned into pRS316 (Sikorski and Hieter, 1989) . The GPS1-2GFP fusion was generated by gap repair (Sherman, 1991) . For this, the plasmid pRS316-GPS1 was digested with SnaBI/EcoRI and transformed into the yeast strain ESM356 GPS1-2GFP-kanMX6. The resulting plasmid was purified from a single yeast clone and confirmed by sequencing.
We used PCR to delete regions of GPS1 in pMF650, pMF726, and pMF736 to create pMF755, pMF774, pMF775, and pMF793-pMF799. We used the primers CCTCATTGGGAATCAAGATA-CTGTTTTCATATAATGTTCA and TGAACATTATATGAAAACAG-TATCTTGATTCCCAATGAGG (to delete residues 293-299), GCAGTAAATCAAGTAGCAGTGCTATTAGATGTAAGGGCGG and FIGURE 5: Gin4 interacts with and recruits Gps1 to the bud neck in a kinase-dependent manner. (A) Yeast two-hybrid assay between Gps1 or Gps1-∆bn1-∆bn2 and the indicated interaction partners. Blue indicates interaction. (B) Quantification of cells with Gps1-GFP at the bud neck before (b) and after (a) septin splitting in gin4∆ cells expressing GIN4-2HA, gin4-∆kd-2HA, or gin4-K48A-2HA (n > 100 for each strain; error bars are SD from three independent experiments). Immunoblot shows the protein levels of GIN4-2HA, gin4-∆kd-2HA, and gin4-K48A-2HA. (C) Schematic representation of Gps1 localization at the bud neck during the cell cycle. During early phases of the cell cycle, Gps1 recruitment to the bud neck mainly depends on Gin4. After mitotic exit and septin splitting, Gps1 localization at the bud neck mainly depends on Nba1. Both Gin4 and Nba1 are important, however, to maintain high levels of Gps1 at the bud neck.
described (Schramm et al., 2001) . Interacting proteins allow the expression of β-galactosidase, which converts X-Gal into a bluedetectable product.
Microscopy techniques
Cells were fixed in 4% formaldehyde for 20 min and washed with phosphate-buffered saline before inspection of fluorescence signals (GFP or Cherry). Live-cell imaging and quantification of fluorescence still images were performed as described (Meitinger et al., 2011) . Briefly, for the quantification and image preparation, three to five z-sections of the region of interest were averaged or maximum projected, respectively. At least 100 cells were counted for each strain, experiment, and each time point shown in Figures 1F, 3 , B and D, 4, B and E, and 5B. Specimens for electron microscopy were prepared as described previously (Meitinger and Pereira, 2016) .
